Chlorpyrifos (CPF) is applied seasonally in Egypt by adolescent agricultural workers and the extent of occupational exposure and the potential for environmental CPF exposure in this population is poorly understood. Adolescent pesticide applicators (n ¼ 57; 12-21 years of age) and age-matched non-applicators (n ¼ 38) from the same villages were followed for 10 months in 2010, spanning pre-application through post-application. Eight urine and five blood samples were collected from participants within this time period. Blood acetylcholinesterase and butyrylcholinesterase (BChE; exposure/effect biomarker) and urine 3,5,6-trichloro-2-pyridinol (TCPy; exposure biomarker) were used to assess occupational CPF exposures in pesticide applicators and environmental exposures in non-applicators. Applicators demonstrated significantly higher TCPy concentration and BChE depression than non-applicators throughout CPF application. This difference persisted for 4-7 weeks after the cessation of agricultural spraying. However, both groups exhibited significantly elevated TCPy and depressed BChE, compared with their respective baseline. The peak TCPy levels during the spray season (95% confidence interval (CI)) for non-applicators and applicators reached 16.8 (9.87-28.5) and 137 (57.4-329) ug/g creatinine, respectively. BChE levels (95% CIs) during the spray were as follows: 1.47 (1.28-1.68) for non-applicators and 0.47 (0.24-0.94) U/ml for applicators. The longitudinal assessment of CPF biomarkers provided robust measures of exposure and effect throughout CPF application in adolescents and revealed significant exposures in both applicators and non-applicators. Biomarker data in the non-applicators, which mirrored that of the applicators, indicated that non-applicators received environmental CPF exposures. This suggests that similar exposures may occur in other residents of this region during periods of pesticide application.
INTRODUCTION
Chlorpyrifos (CPF) is one of the most commonly applied OP pesticides and is of public health concern both in the United States as well as worldwide where it is often handled by workers with limited personal protective equipment. Recently, adult Egyptian agricultural workers were reported to have some of the highest occupational CPF exposures in the world and exhibited neurobehavioral deficits when compared with control populations. [1] [2] [3] Both animal and human models of chronic CPF exposure suggest that neurotoxicity is the primary endpoint of concern [4] [5] [6] [7] [8] with deficits found consistently in areas of motor speed and coordination, information processing speed, executive functioning, attention and memory. 6 These studies have been conducted in adult populations. Recent investigations in children have focused on the consequences of prenatal and immediate postnatal environmental OP pesticide exposures, however, whether children and adolescents are at increased risk of toxicity compared with exposed adults is an area of active research. [9] [10] [11] [12] In Egypt, adolescents are used seasonally by the Ministry of Agriculture to apply pesticides to the national cotton crop and the schedule of application of CPF and other pesticides is strictly regulated by the Ministry. Preliminary research in this population of Egyptian adolescent applicators found that adolescent workers have increased incidence of neurological symptoms (blurred vision, dizziness, depression, etc), greater cholinesterase inhibition, and more neurobehavioral deficits when compared with age-matched controls. 13 However, no longitudinal analysis has been conducted in an exposed adolescent population, limiting the ability to determine whether these neurobehavioral deficits occur in a dose-dependent manner, are progressive over time of application, or resolve post-application. In addition, only a few studies have been successful in demonstrating a link between neurobehavioral toxicity and commonly measured biomarkers or metabolites of CPF in adult or adolescent populations. 13, 14 This may be due in part to insufficient characterization of these exposure and effect biomarkers and the dearth of longitudinal analyses available in this literature.
inhibitor. 15 CPF can be bioactivated to CPF-O or detoxified to urine 3,5,6-trichloro-2-pyridinol (TCPy) in the liver by cytochrome P450 enzymes. 16 TCPy is excreted in the urine and is often used as a specific biomarker of exposure to CPF, whereas blood AChE and BChE activity are used as biomarkers of effect with BChE being more susceptible to CPF inhibition and thus a more sensitive biomarker.
The current Egyptian adolescent applicator cohort is unique, not only because of the young age of the participants (12-21years) , but because of the unique opportunity to characterize potential environmental exposures in age-matched adolescent non-applicators residing in the same villages in the Nile delta. A 10-month study was conducted to characterize both occupational and environmental exposure to CPF using urine and blood biomarkers throughout the pesticide application season. These data will establish a clear exposure history for occupationally exposed male adolescent applicators and environmentally exposed adolescent non-applicators, which will support a longitudinal investigation of the relationship between biomarkers and neurobehavioral outcomes in this cohort. Furthermore, the finding will be relevant for other residents of this agricultural region during periods of agricultural pesticide application.
METHODS

Study Population and Setting
This study was conducted 410 months from April 2010 to January 2011. Adolescents are hired seasonally by the Ministry of Agriculture to spray pesticides in the cotton fields with backpack sprayers working in teams of three to four with adult supervisors. The typical workday was from 0800 to 1200 hours and from 1500 to 1900 hours, 6 days/week. The applicators meet at the field station in the morning and load equipment and supplies into vehicles to transport to the cotton fields. Once in the fields they would be involved in the mixing and filling of the backpack sprayers, which were then applied to the fields.
For this study, male adolescent pesticide applicators aged 12-21 were enrolled from two field stations in the Menoufia governorate (similar to a state) in Egypt. The applicators (n ¼ 57) were recruited from the agricultural field stations in two nearby villages, El-Shohada and Berket El-Sabe, these are designated ''field station 1'' and ''field station 2'', respectively. Data from both field stations were combined. Non-applicators (n ¼ 38) of the same age and background were chosen from residents of the same villages. Non-applicators have never worked as pesticide applicators for the cotton crop. One adolescent was excluded from final analysis due to lack of participation and two for questionable sample collection integrity. Written consent was obtained from all participants and their legal guardian. 
Demographic Data Collection
Both applicators and non-applicators completed a questionnaire at baseline addressing their socio-demographic status such as education and housing information, household and occupational use of pesticides, and lifestyle activities.
CPF Application
CPF application to the cotton crop is government regulated and thus follows the same general schedule year after year. However, exact dates of application vary between fields depending on local insect infestations in the fields. For field station 1, CPF was applied from 23 June to 4 July (study day 73-84), 7 July to 17 (day 87-97), and from 1 August to 8 2010 (day 112-119). The field station 2 schedule was 17 June-18 July 2010 (day 67-98).
TCPy Analysis
Spot urine samples were collected at eight time points (day 0, 52, 73, 87, 97, 111, 146, and 269) between 11 April 2010 (pre-spray baseline, day 0) and January (post-spray, day 269). Samples were collected from both applicators and non-applicators at the field stations during the lunch break. All field station 2 samples were collected one day after field station 1 samples. Urine samples were placed on wet ice in a cooler and transported to the Menoufia University (Shebin El-Kom, Egypt), where they were stored at À 20 1C until being shipped to the University at Buffalo (Buffalo, NY, USA) on dry ice for analysis. Urine samples were analyzed for TCPy, the primary metabolite of CPF, by negative-ion chemical ionization gas chromatography-mass spectrometry, using 13C-15N-3,5,6-TCPy as an internal standard, as described previously. 2 Creatinine concentrations were measured using the Jaffe reaction, 17 and urine TCPy concentrations are expressed as mg TCPy/gm creatinine. The within-run imprecision of this assay is very low, as shown by a o2% coefficient of variation and an intraclass correlation coefficient of 0.997.
ChE Analysis
To establish the baseline ChE activity for each subject, pre-application blood draws occurred on study days 0 and 52, before the start of the government-regulated CPF application period so that there were two total baseline blood samples drawn (Figure 1 ). If two blood samples were collected during the pre-spray season, the first (day 0) sample was considered the baseline, otherwise day 52 was considered the baseline. All dates refer to the field station 1 schedule. As with urine collection, field station 2 blood draws were consistently performed one day later. Additional draws were taken during CPF application on study day 73 and after application on study days 146 and 269. Blood samples were collected by venipuncture into 10-ml lavender top (EDTA) vacutainer tubes and immediately placed on wet ice and transported to the Menoufia University, where they were analyzed in duplicate for AChE and BChE activity using an EQM Test-Mate kit (EQM Research, Cincinnati, OH, USA) as described previously. 3 
Statistics
Demographic Data. Demographic information was compared between applicators and non-applicators by a t-test for parametric data and by the Mann-Whitney U-test for non-parametric data, with significance set at Po0.05.
Biomarker analysis. Generalized estimating equations (GEEs; 18, 19 ) were used to individually model concentrations of TCPy, AChE, and BChE over the course of time for applicators and non-applicators. GEEs are sometimes described as estimating ''population average'' effects in that a given response is first averaged over subjects (either applicators or nonapplicators) at each time point, and the model fitted to the time-specific averages. In this way, the model can accommodate incomplete data from participants as averages at each time point can still be estimated even if not all averages over time are based on the same number or specific subset of subjects. Data from participants from both field stations were combined and subsequently analyzed. Before model construction, each biomarker of exposure was log-transformed to improve symmetry and stabilize variability of the response. Each GEE (for a given biomarker) was constructed assuming Gaussian distribution of the (log-transformed) response with an identity link function and exchangeable correlation structure for repeated measures drawn from the same subject; SE were computed using a robust sandwich estimator of variance to guard against potential misspecification of the correlation structure. Patterns over time Figure 1 . Schedule of chlorpyrifos (CPF) application and sampling across the 10-month longitudinal study. The shaded area represents the CPF application period for field station 2. CPF was applied in field station 1 from day 73 to 84, day87 to 97, and day 112 to 119. All field station 2 collection dates were one day after field station 1 collection dates. Solid arrows represent combined blood and urine sample collection dates; dashed arrows represent urine-only collection dates relevant to this study.
were complex enough to justify a ''cell-means'' model in which a separate (log-transformed) mean response was estimated at each time point for each of the two groups. Upon back transformation, these cell means from the log scale become geometric means on the original scale and these serve to estimate the median response in the underlying population. 20 Changes over time within a group as well as differences between groups at a given point in time were found by forming the appropriate linear contrast of log-transformed cell means and then back-transforming the difference. Upon back transformation, these changes are expressed as a multiplicative effect between the medians in question. A Bonferroni adjustment was applied to all P-values so each family of comparisons (over time within group, between groups within time, or changes over time between groups) maintained an overall error rate of 5%; confidence intervals (CIs) were similarly adjusted so the collection within a family had 95% coverage. The relationship between log peak TCPy concentration and each of AChE or BChE was investigated using a piecewise linear model in which the point of transition between the two linear segments was estimated from the data. 21 If no point of transition was found over the range of observed log peak TCPy concentration, then the model was simplified to just a single continuous linear trend.
RESULTS
Study Population
The age of the 95 participants ranged from 12 to 21 with a mean age of 16.2 for applicator and 16.6 for non-applicators (Table 1) . Only three participants were over the age of 19. The two populations had similar mean height, years of education, and smoking status. In total, 3.5% of applicators and 10.5% of nonapplicators reported cigarette use. This difference was not significant. Applicators had significantly lower weight and BMI and self-reported an average of a year more of lifetime home pesticide use than non-applicators (2.5 vs 1.6 years). Applicators report working B4 h/day, 4 days/week during the application season and have worked for the Ministry of Agriculture an average of 3.1 years. More than 70% of applicators and non-applicators had TCPy data for at least three of the eight collection periods and the estimated TCPy concentration at any given time point was always based on at least 29/57 applicators and 16/38 nonapplicators. For cholinesterase activity, the number of applicators was reduced to 55 for AChE activity and 54 for BChE activity; the number of non-applicators was reduced to 37 (same for each response). Models involving A(B)ChE activity had estimates based on at least 50% of the applicators and at least 46% of the nonapplicators at any given time point of interest.
Urinary TCPy Concentration Median urinary TCPy concentrations for applicators and nonapplicators are shown in Figure 2 . At baseline, urinary TCPy concentration was higher in the applicators than the nonapplicators, though this difference was not significant. At the beginning of the CPF application (day 73), the applicator group had urinary TCPy concentrations ranging from 5.08 to 1760 mg/g creatinine, significantly higher than the non-applicator group (2.03-54.1 mg/g creatinine, Figure 2 ). Applicator urinary TCPy levels remained significantly higher than non-applicator levels through day 146. Among applicators, peak TCPy levels occurred on day 97 at the end of the CPF application period, followed by a steady decline thereafter and the temporal pattern observed for each group mirrored each other throughout the 10-month study (Figure 2 ). For both applicators and non-applicators, TCPy concentrations measured during the CPF application period were higher than baseline (Table 2 ). In addition, both groups experienced a similar magnitude of change in TCPy concentration relative to their respective baseline over time, with the exception of day 97, on which applicators experienced a significantly greater increase in urinary TCPy concentration over baseline by a factor of approximately five (applicator vs non-applicator, Supplementary Table 1 ).
Cholinesterase Activity Although there were no significant differences between applicators and non-applicators in blood AChE activity (Figure 3a) , both groups experienced a slight but significant depression from baseline over the application period, which persisted through day 269 (Table 2) . Additionally, on day 146, applicators had a small but significantly more depressed AChE activity relative to baseline compared with non-applicators (applicator vs non-applicator, Supplementary Table 1) .
Blood BChE showed a more marked decrease, both between non-applicators and applicators (Figure 3b ) and within each group over time (Table 2 ). Applicator BChE activity was depressed Individual confidence intervals have been adjusted for multiple comparisons so that simultaneous coverage is 95% (Bonferroni method); P-values were similarly adjusted.
compared with non-applicators even at baseline, though it was not significantly different at the second pre-spray time point (day 52). The difference between the two groups persisted during the CPF application period and through day 146 (Figure 3b ). BChE was significantly depressed relative to baseline (day 0) in nonapplicators during the CPF application period and through day 146, with recovery occurring by day 269 (Table 2) . Similarly, applicators had significantly depressed BChE activity relative to baseline during CPF application and at the first post-spray point (day 146), with recovery occurring by day 269 (Table 2) . Additionally, on day 73, applicators had a significantly more depressed BChE activity relative to baseline compared with nonapplicators (applicator vs non-applicator, Supplementary Table 1) .
Relationship between TCPy and Blood Cholinesterase Activity On day 73, blood AChE was not correlated with the levels of CPF exposure represented by the peak urine TCPy, although at day 146 (27-48 days following CPF application, depending on field station), AChE activity decreased slightly in individuals with higher peak TCPy levels (Figures 4a and b) . At this time, each 10-fold increase in peak urinary TCPy concentration was associated with a decrease of 2.1 (95% CI: 1-3.14) U/g Hgb. In contrast, blood BChE was markedly depressed on day 73 during the CPF application period in those with higher peak TCPy levels (Figure 4c ). The inflection point for this decrease occurred at a TCPy level of 101 (95% CI: 40.3-253) mg/g creatinine and after this breakpoint each 10-fold increase in peak urinary TCPy concentration was associated with a 1.02 (95% CI: 0.82-1.22) U/ml decrease in BChE activity. Less inhibition or partial recovery of BChE was observed at day 146, however, the inflection point of 77.0 (95% CI: 13.6-436) mg TCPy/g creatinine was similar to that at day 73 (Figure 4d ). After this breakpoint, each 10-fold increase in peak urinary TCPy concentration was associated with a 0.49 (95% CI: 0.30-0.68) U/ml decrease in BChE activity. When CPF exposure from baseline through the summer application period (days 0-146) was estimated by a cumulative TCPy dosimetric calculated by determining the area under the curve for each individual's plotted TCPy concentration over time, the relationship was very similar to that observed in Figures 4b and d (data not shown) . Furthermore, peak TCPy was found to be highly correlated to an estimate of cumulative TCPy from day 0 to 146 (R 2 ¼ 0.85), suggesting that a b Figure 3 . Estimated median blood acetylcholinesterase (AChE) activity (a) and butyrylcholinesterase (BChE) activity (b) for applicators (squares) and non-applicators (circles) from field stations 1 and 2 in 2010; the shaded area represents the chlorpyrifos application period for field station 2. Time points showing significant differences between applicators and non-applicators are marked with asterisks (*Po0.05; **Po0.001). Individual confidence intervals have been adjusted for multiple comparisons so that simultaneous coverage is 95% (Bonferroni method); P-values were similarly adjusted.
both methods are appropriate for estimating CPF exposure during this longitudinal study.
DISCUSSION
As expected, adolescents hired by the Egyptian Ministry of Agriculture to apply CPF to cotton fields had a wide range of urinary TCPy concentrations, peaking during the CPF application period, indicating variability in the magnitude of occupational CPF exposure for each participant. Somewhat surprisingly, the longitudinal study design clearly shows that age-matched nonapplicator residents of the same villages are receiving environmental exposures that correlate with the CPF application schedule in the fields, mirroring the higher occupational exposures received by the applicators. Peak urine TCPy levels for applicators, ranging from 9.50 to 5302 mg/g creatinine, were reached at the end of the CPF application period (day 97). For non-applicators, a plateau was reached toward the end of the spray season lasting from day 87 to 146. The greatest range of urinary TCPy concentrations reached for non-applicators was 7.06-390 mg/g creatinine. As opposed to applicators, TCPy concentrations in non-applicators did not seem to reach an obvious maximum at the end of the spray season, although urinary concentrations were still clearly correlated to the CPF spray schedule in the fields. Additionally, the magnitude of change from respective baseline values for applicators and nonapplicators was not significantly different for the two groups throughout the study except at the peak concentration for applicators on day 97 (Supplementary Table 1) . At this point, at the end of the CPF application period, the TCPy level in the applicator group was peaking, whereas non-applicators seemed to have reached a plateau. The persistence of elevated urinary TCPy levels in both groups, which finally return to baseline at day 269, was unexpected considering the B24-h reported half-life of TCPy upon oral or dermal exposure to CPF. 22 This finding points to possible continual environmental exposures and/or home contamination persisting for several weeks following the CPF application period. CPF may persist for extended periods of time indoors, has a half-life of several months in soil and may last from days to weeks on plants. 23, 24 This is the first report of urinary TCPy concentrations for adolescents exposed occupationally to CPF. Urinary TCPy levels in adolescent applicators on day 97, the peak time point during the study, (mean 719, estimated median 137 mg/g creatinine) did not reach the exceedingly high levels seen in exposed populations of adult Egyptian cotton field applicators previously reported by Farahat et al. 2, 3 (mean 2471 mg/g creatinine and 6437 g creatinine, respectively). However, the environmentally exposed adolescent non-applicators had peak TCPy levels (mean 44.9, estimated median 19.7 mg/g creatinine) well in excess of the unexposed adult controls (mean 6.25 mg/g creatinine).
2 Compared with US adolescent populations, the CPF exposure experienced by these young Egyptians is extremely high. In 2001-2002, the National Health and Nutrition Examination Survey reported a geometric mean urine TCPy of 2.09 mg/g creatinine in the general US adolescent population. 24 Though a possible contributor to urinary TCPy levels may be ingestion of TCPy itself, which is more persistent in the environment than CPF, 25 the cholinesterase depression exhibited by the non-applicators argues against the exposure to TCPy in the environment as a major cause of their elevated urinary TCPy levels, as TCPy does not inhibit ChE activity. 23, 24 One of the potential limitations of our study was the collection of spot urine samples from the participants, which in an earlier study was found to be susceptible to intraindividual variability, particularly at relatively low levels of TCPy. 26 However, in previous studies conducted in adult Egyptian agriculture workers in 2007 and 2008, we found that daily urinary TCPy levels for a given worker were very similar in spot urine specimens collected at the beginning (1400-1500 hours) and end (1900-2000 hours) of a given work day. 2, 3 Therefore, in this A piecewise-linear model, constrained to be constant (horizontal) before the transition point, was fitted to data combined from applicators and non-applicators; the shaded region represents the 95% confidence interval for the mean response at any given peak TCPy concentration.
study, TCPy levels in a single-spot urine specimen collected during the work day should provide a valid measure of exposure. Blood AChE depression was slight but significant in both populations at each time point and did not return to baseline by the end of the study on day 269. The observation that AChE activity never returned to baseline is not surprising in light of the long half-life of AChE (B50 days) and the prolonged recovery seen in TCPy concentration and BChE activity seen after the cessation of OP pesticide spraying. However, given the normal variability of AChE, this slight inhibition is likely to be within the normal fluctuations in enzyme activity. 27 BChE was more sensitive to CPF exposure, with median activity reduced by 37% from baseline in applicators and 13% in non-applicators during the CPF application period. For comparison, according to the Washington state cholinesterase monitoring guidelines in the United States, worker habits and work environment should be examined and modified when AChE or BChE drops o20% from baseline and workers are removed from sources of exposure with AChE depression 430% or BChE depression 440%. 28 BChE activity for 14 of 57 adolescent applicators fell o20% of their baseline, whereas 5 of 38 non-applicators fell below this threshold. This further emphasizes the relatively high exposures of this population, even in non-applicators, and the need for strategies for intervention. For both groups, BChE remained depressed at day 146 of the study and returned to baseline by the end of the study (day 269). The half-life of BChE is B11 days in human plasma. 29 Following the CPF application period, there is an 8-13-day-spraying period of another OP pesticide, profenofos, which concluded on day 129 for both fields and may have contributed to the prolonged depression of BChE from baseline. No other OP pesticides are applied. Of note is the fact that baseline measure of TCPy and BChE suggest a small amount of CPF exposure before the beginning of the application period. Similar findings were apparent in adult Egyptian applicators and may be at least partially explained by residential use of the pesticide off-season. 3 In our population, we asked the participants whether they had applied pesticides at homes before the study and subsequently documented the number of years of home pesticide application by themselves. Applicators reported an average of 2.5 years of home pesticide use, whereas non-applicators reported an average of 1.6 years, lending evidence to episodic pesticide use outside of agricultural work (Table 1) . This finding stresses the importance of obtaining baseline measurements particularly in populations that are likely to have continual residual exposures to pesticides year round.
Regarding the relationship between cumulative urinary TCPy and blood AChE and BChE in this population, both peak TCPy and cumulative TCPy were found to be good dosimetric options for CPF exposure in this longitudinal study design and equivalent to each other. As urine samples could not be collected from some participants at all eight time points, peak TCPy was chosen for preserving a greater number of subjects without the loss of accuracy in the analysis of the relationship between TCPy and ChE activity. This has important implications for future similarly designed studies and supports the validity of either approach. During the spray season, on day 73, there was essentially no relationship found between AChE activity and peak urinary TCPy concentration, whereas after the application period (day 146) there was a slight negative relationship. Both the longer period of CPF exposure on day 146 and the long half-life of AChE (about 100 days) are consistent with this finding. For BChE, there was a strong negative relationship in activity with peak urinary TCPy concentration at both day 73 and day 146 with a similar break point of 101 and 77.0 mg/g creatinine, respectively. This no-effect level found in the current adolescent population is similar to that found by Garabrant et al. 30 for CPF manufacturing workers (110 mg/g creatinine) and Farahat et al. 3 for adult Egyptian workers (114 mg/g creatinine) though these previous studies used same day paired samples instead of peak TCPy. This suggests that adolescent workers respond similarly to adults for this response, however, the association of these biomarkers to neurotoxic responses remains unknown at this time. Unlike AChE, BChE depression was more closely correlated with peak TCPy concentration during the application period on day 73 on which each 10-fold increase in peak urinary TCPy correlated with a 1.02 U/ml decrease in BChE compared with a smaller decrease of 0.49 U/ml on day 146. This is consistent with the much shorter half-life of BChE compared with AChE and reflects possible partial recovery of BChE at this time point. This is the first longitudinal study to our knowledge to examine biomarkers of CPF in an occupationally exposed adolescent population. Adolescents have smaller body size than adults making the biological doses of pesticides (levels of pesticides per unit of body weight) higher than adults. 31 In addition, evidence from animal and human studies found that paraoxonase, an organophosphate detoxifying enzyme, is less active in younger populations. 32, 33 A previous longitudinal study conducted in children (aged 2-5) also found a relationship between the period of agricultural OP pesticide use and levels of nonspecific OP metabolites in the participant's urine, serving as a biomarker of environmental exposure. 34 Only a few studies have fully characterized specific metabolites of OP pesticides in a longitudinal manner, thus the relationship between commonly assayed biomarkers of CPF exposure and detrimental outcomes such as neurobehavioral deficits remains unclear. A recent study by Quandt et al. 35 characterized specific metabolites of OP and carbamate pesticides across the spray season in adult migrant farmworkers. However, there were no controls for comparison and no baseline was collected in the Quandt et al. study due to the migrant nature of the workers. This characteristic also resulted in a complex pesticide exposure history. Recent longitudinal analyses focusing exclusively on CPF include Farahat et al. 3 in Egyptian agricultural workers and Garabrant et al. 30 in CPF manufacturers. Both of these studies were conducted with adult worker populations and only Garabrant et al. reported data from controls. This study is novel for being the first to examine an adolescent population. We had a geographically stable population including age-matched controls, a baseline measurement for each biomarker, a CPFspecific biomarker of exposure (TCPy), a well-defined period of CPF exposure, and a thoroughly characterized longitudinal analysis of urine TCPy and blood AChE and BChE. The preseason baseline enables us to interpret seasonal changes in these biomarkers within an individual. Potential limitations of this study include the lack of an unexposed control group, limited information on non-occupational sources of CPF exposure, and a limited collection of biological specimens for biomarker analysis. Although small sample size is another potential limitation of the study the relative non-mobility of this population means that the same cohort can be expanded to increase power in future studies to examine neurobehavioral outcomes. The well-defined exposure to CPF allows a more accurate analysis of the causeeffect relationship between CPF and AChE and BChE depression. These factors will be helpful in establishing a relationship between these biomarkers and neurobehavioral deficits, which has been historically difficult. Finally, the extent of CPF exposure and BChE depression seen in both groups suggest that preventative measures need to be taken to minimize exposure of not only these adolescent workers but also the adolescent residents of these agricultural communities.
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